In transport phenomena, precise knowledge or estimation of fluids properties is necessary, for mass flow and heat transfer computations. Viscosity is one of the important properties which are affected by pressure and temperature. In the present work, based on statistical techniques for nonlinear regression analysis and correlation tests, we propose a novel equation modeling the relationship between the two parameters of viscosity Arrhenius-type equation, such as the energy ( ) and the preexponential factor ( ). Then, we introduce a third parameter, the Arrhenius temperature ( ), to enrich the model and the discussion. Empirical validations using 75 data sets of viscosity of pure solvents studied at different temperature ranges are provided from previous works in the literature and give excellent statistical correlations, thus allowing us to rewrite the Arrhenius equation using a single parameter instead of two. In addition, the suggested model is very beneficial for engineering data since it would permit estimating the missing parameter value, if a well-established estimate of the other parameter is readily available.
Introduction
Among the physicochemical properties of pure liquids and their mixtures that are constantly in demand for optimizing and designing industrial processes is viscosity. Being one of the most important factors in its own right in transport equations, nutrition, and chemical, cosmetic, and pharmaceutical industries, liquids viscosity parameters are essential for energy transference calculations and for hydraulic calculations of fluid transport [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Most cases found in industrial settings involve the difficulty posed by the nonlinear behavior of mixtures, against the mole fraction of one of the pure components constituting the corresponding binary liquid mixtures. As a result, rigorous and reliable data must be available with models that can provide a reliable estimation of the viscous behavior of mixtures [16] .
The viscosity of fluids is determined both by collision among particles and by the force fields which determines interactions among molecules. The theoretical description of viscosity is therefore quite complex [16] . This is why several models have been proposed in the literature essentially based on Eyring theory or empirical or semiempirical equations that are not always applicable to a large number of mixtures [1, 2, [7] [8] [9] [10] . On the other hand, excess thermodynamic functions (like enthalpy of hydration) and deviations of analogous nonthermodynamic functions (like viscosity) of binary liquid 2 Journal of Chemistry mixtures are fundamental for understanding different types of intermolecular interactions in these mixtures.
Many empirical and semiempirical models have been developed to describe the viscosity of pure liquids and binary liquid mixtures. This paper aims to contribute to describing the viscosity of pure liquids. For that, we will use statistical correlation analysis techniques for determining a relationship between the two viscosity Arrhenius parameters, allowing the reduction of the parameters number and facilitating thus calculations in engineering of fluid transport. Also, this will open a field for new theoretical concept and treatment. In addition, the suggested practical equation is useful when one of the two Arrhenius parameters data is absent. Indeed, it can be used to estimate the nonavailable value of one parameter using the information provided by the other one. In fact, the viscosity Arrhenius energy ( ) can be related to the enthalpy of vaporization (Δ ∘ vap ) at the same pressure [11] . Also, for the second parameter, the preexponential factor ( ) can be closely related to the viscosity of the pure system in vapor state at the same studied pressure [12] [13] [14] [15] .
Recently, Ben Haj-Kacem et al. [16] proposed an empirical power law-type equation for modeling the relationship between the two parameters of viscosity Arrheniustype equation for some pure classical solvents, such as the Arrhenius energy ( ) or the preexponential factor (ln ). We note that this is called HajKacem-Ouerfelli equation [16] which presents good concordance only for the low and moderate viscous fluids which have no very high values of activation energy (6 < < 30 kJ⋅mol −1 ) and no very low values of preexperimental factor (−17 < ln( /Pa⋅s) < −10). Then, taking some mathematical considerations, we try in the present work to suggest an empirical exponential lawtype equation valid on more extended intervals, that is, for the very viscous fluids and also for the very fluid liquids like the liquefied gas (5 < < 60kJ⋅mol −1 ) and (−25 < ln( /Pa⋅s) < −9). In addition, we have tried to give some physical meaning of the proposed equation parameters. We add that the suggested equation is important since it allows rewriting the viscosity Arrhenius-type equation by using a single parameter instead of two and thus it is very useful for engineering data which can permit estimating one nonavailable parameter when the second is available or can be precisely evaluated by some theories suggested in the literature.
Viscosity-Temperature Dependence
Available data of transport properties of liquids are essential for mass and heat flow. As it is one of the important properties of fluids, liquid viscosity needs to be measured or estimated given that it influences the cases of design, handling, operation of mixing, transport, injection, combustion efficiency, pumping, pipeline, atomization and transportation, and so forth. The characteristics of liquid flow depend on viscosity which is affected principally by temperature and pressure.
Theoretical Background.
Due to the complex aspect of fluids, several theoretical methods for estimating viscosity are suggested in the literature [16] . Among these theories, we can cite the distribution function theory proposed by Kirkwood et al. [17] , the molecular dynamic approach reported by Cummings and Evans [18] , and the reaction rate theory of Eyring [19] [20] [21] . Generally, empirical and semiempirical methods provide reasonable results but they lack generality of approach, especially near or above the boiling temperature [11] . Hence, experimental data available in literature show that the liquid viscosity decreases with absolute temperature in nonlinear and concave fashion, and it is slightly dependent on low pressure.
Empirical Equations.
Numerous expressions have been suggested for representing the variation of liquid viscosity, ( ) upon temperature ( ) through available experimental data for interpolation purpose .
We can summarize the most different forms of temperature dependence of viscosity proposed under correlation methods by the following equation [16] :
We can classify the viscosity-temperature dependence on two great families such as liquid systems with linear or nonlinear behavior, when we plot the logarithm of dynamic viscosity (ln( )) against the reciprocal of absolute temperature (1/ ). Furthermore, some supplement multiconstant equations (1) are proposed for numerous fluids deviating strongly to the Arrhenius behavior. We can cite the case of melting salts, glasses and metals, ionic liquids, heavy and vegetable oils, fuels and biofuels, and so forth [11, 16] . Moreover, for the nonlinear behavior, it is found that the temperature dependence of dynamic viscosity can be fitted frequently with the Vogel-Fulcher-Tammann-type equation [16, [22] [23] [24] , given for constants, 0 , 0 , and, 0 , by
In addition, for a long time, a favored theoretical base for the interpretation of viscosity was provided by the application of the transition-state theory of Arrhenius chemical kinetics to transport phenomena [6, 44] . The exponential form is a common expression of the variation against the reciprocal absolute temperature, of some physicochemical quantities related to the transport properties such as chemical rate, diffusion, electrical conductivity, gas kinetics, and viscosity. In fact, the preexponential factor is correlated to motion, rate, disorder, speed, and entropy. Also, some theories such as kinetic theory, Maxwell-Boltzmann statistics, thermal agitation, activation, and free volume theory lead to a similar expression [6, 11] . The second parameter ( ) expresses the activation energy or a gap where the studied phenomenon or property may proceed through an intermediate "transition state. " Journal of Chemistry 
Methodology
In addition, for the linear Arrhenius behavior, it is found that the temperature dependence of dynamic viscosity can be fitted frequently with the Arrhenius-type equation for numerous Newtonian classic solvents, which can be rewritten in the logarithmic form:
where , , and are the gas constant, the Arrhenius activation energy, and the preexponential (entropic) factor of the Arrhenius equation for the liquid system, respectively.
The plot of the logarithm of shear viscosity, ln( ), against the reciprocal of absolute temperature (1/ ) for numerous liquid systems is practically linear and the Arrhenius parameters, which are the activation energy ( ) and the preexponential factor (ln( )), are thus independent of temperature over different studied temperature ranges (from 278.15 to 328.15) K approximately around the room temperature at constant atmospheric pressure. Using both graphical and linear least-squares fitting methods, the slope of the straight line is equal to ( / ) and the intercept on the ordinate is equal to (ln ). In addition to these two main parameters, we added a third parameter ( ) called the Arrhenius temperature deduced from the intercept with the abscissa axis:
which can simplify the viscosity-temperature dependence following the Eyring [5, 11, [19] [20] [21] form as Figure 1 shows how to determine graphically / and how to proceed by extrapolation to reach the two parameters ln( ) and .
Data Collection.
In order to analyze an eventual correlation between the two Arrhenius parameters and to justify the proposed relationship, 75 data sets provided from literature review [11, were taken ( Table 1) . The viscosity of different binary liquid mixtures is studied in this data set at atmospheric pressure and over different temperature ranges around the room temperature. For each binary mixture we have restricted the study only to two pure components (1) and (2) at the limits of interval of mole fraction (i.e., at 1 = 0 and 1 = 1) and plotted the logarithm of dynamic viscosity (ln ) versus the reciprocal absolute temperature (1/ ). Then, investigation of the linear regression fit gives us these parameters values ( , ln( ), and ). Calculated values of ( , ln( ), and ) are reported in Table 1 . For homogenous dimensions (6), we have added the Arrhenius activation temperature ( * /K) as an additional variable for future statistical investigations: * = . 100 1000 100 1000 
Arrhenius Parameters and Temperatures.
In order to compare the statistical values and distributions of the defined Arrhenius parameters, Table 2 presents the main descriptive statistics, such as the Arithmetic mean, Confidence Interval (CI), standard deviation ( ), coefficient of variation (CV), and standard error (SE), for different defined temperatures ( ) such as the Arrhenius temperature ( /K), the melting point ( /K), the boiling point ( /K), and the Arrhenius activation temperature ( * /K). Table 2 , we can assume the following classification:
Considering the arithmetic mean ( ) values and the Confidence Intervals (CI) presented in
where there is no clear intersection between any consecutive (CI)-values, and Figure 2 confirms this observation. In addition, according to the coefficient of variation (CV), the Arrhenius activation temperature ( * ) is the most dispersed variable, contrarily to the boiling point ( ) which is the most homogenous. 
Correlations Investigation

Correlation between the Arrhenius Temperature and the Activation Energy.
Initially, we started to study the direct mutual correlation between the defined Arrhenius parameters , ln , and . Figure 3 gives graphical representation of the pairwise correlations for some pure Newtonian classical solvents determined by couples of components from some binary liquid mixtures studied in previous works [11, . We deduce that strong correlation may exist between the three parameters. In addition, through the feeble curvature, the scatter plots forms show that linear correlation may exist between and ln( ) (Figure 3(b) ). However, nonlinear correlation seems to be more adequate between and ln( ) or (Figures 3(a) and 3(c) ).
In fact, the distribution's dispersion observed in Figure 3 (a) and indicating weak nonlinear correlation between the logarithm of the preexponential factor ln( /Pa⋅s) and the Arrhenius temperature (K) can permit us to write lim → 0 ln( ) ̸ = 0. Also, Figure 3 temperature ( ) and the activation energy ( ) tend towards zero at the same time, and ( ) cannot exceed a certain limit value ( lim ) when taking infinite value.
The Proposed Equation Model
. The feeblest dispersion in the distribution in Figure 3 (c) leads us to start modeling the dependence between ( ) and ( ). Due to the limits' discussion in the precedent section (Section 4.1) we propose the following equation which respects the observed boundary conditions:
where and are positive constants. In fact, when we neglect the feeble curvature of the plot of ( ) as a function of (ln ) in Figure 3 an -square equal to 0.9729. In this case we can conclude that (Figure 3(b) ) lim → 0 ln( ) ̸ = 0 and lim → ∞ ln( ) = −∞. Given the expression of the Arrhenius temperature ( ) of (4), = − / ln( ), and = − ⋅ ln( ), we can conclude that lim → 0 = 0 and cannot exceed a limiting value ( lim ) when ( ) tends to infinity: lim → lim = +∞. In addition, if we consider that the quasilinear dependence continues with the same slope at the infinity we can estimate this limit around lim ≈ 441.2 K. Then, we justify that the mathematical function = ( ) passes through the origin and adopts a vertical asymptote when the -value tends to lim (Figure 3(c) ). In this context, we proposed (8) . Table 3 summarizes the nonlinear regression where ( 2 ) and ( 2 ) are the Chi-square and the -square, respectively.
Considering (8) we can write the reciprocal expression as
Also, considering (4) and (9), we can write
In the reciprocal expression of (10), when becomes the dependent variable and ln the independent one, it seems to be hard to find analytical expression because of the linear form of in the numerator and the exponential one in the denominator. So, regarding the pseudomonotonous dependence between and ln shown in Figure 3 (a) we can suggest similar expression for the inverse situation:
when is an additional adjusted parameter. Table 3 summarizes the nonlinear regression where is considered fixed or free variable. Considering the expression of (9) and the fact that the Arrhenius temperature cannot exceed a limiting value ( lim ) when tends to infinity, lim → lim = +∞, we can conclude that lim = 1/ which can be denoted by 0 . This limiting Arrhenius temperature has the following value for the present study: 0 = 330.03 ± 4.36 K. Comparing this value and the set of temperature averages ( ) presented in Table 2 and Figure 2 , we can conclude that 0 is probably correlated with the boiling temperature ( ). In fact, in previous works we observed that the mean -values for all the studied binary mixtures are near and less than the boiling temperatures ( bi ) of the corresponding constituting pure components or near temperatures related to their isobaric vapor-liquid phase diagrams [12-15, 52, 72-74] . To this end, and to give out more physical significances for parameters, we will explicit the term of the limiting Arrhenius temperature ( 0 ) in the expressions of equations; we will explicit the term of 0 in the expressions of (8), (9), (10), and (11) and rewrite them with three adjustable parameters ( 0 , 0 , and 0 ) as follows:
where is the perfect gas constant, 0 is the limiting Arrhenius temperature, and ( 0 = 9.894 ± 0.536) and ( 0 = 44.86 ± 1.91) 10 3 are two dimensionless constants. According to the precedent modifications introduced into (12) to (15), the Arrhenius-type equation becomes an equation with only one parameter ( or ln ):
where = 8.3144721 J⋅mol −1 , ( 0 = 330.03 ± 4.36) K, ( 0 = 9.894 ± 0.536), and ( 0 = 44.86 ± 1.91) 10 3 . Figure 4 shows the experimental activation energy ( ) exp and the entropic factor (ln ) exp in comparison with the estimated ones ( ) exp and (ln ) calc , respectively. Data are in close approximation to the corresponding -values and ln -values estimated from (15) and (14) . Going to the very low and very high values of the activation energy ( ) and the entropic factor (ln ), Figure 4 shows that the gap between experimental and estimated values is indicating an acceptable slight discrepancy. The goodness of this result is supported by the -squared value (0.9606) and by the mean squared errors (MES) value of (7 10 −3 ). The reliable -squared value suggests that the experimental data is well fitted by the current proposed model. In addition, Figure 5 shows the normalized estimation errors of the experimental activation energy ( ) and the experimental entropic factor (ln ), respectively. The figures confirm the precedent result about the good quality of estimators. Indeed, the figures show little normalized variation between experimental and estimated values of parameters except for the observations which have very high or very low values of experimental activation energy ( ) and entropic factor (ln ) that is very close to the boundaries of the studied interval. We conclude that the proposed equation presents good concordance from the low to the high viscous fluids and presents very feeble discrepancy in the two limits of the studied intervals (5 < < 60 kJ⋅mol −1 ) for the activation energy and (−25 < ln( /Pa⋅s) < −9) for the preexperimental factor.
Conclusion
Based on experimental data of viscosities for some pure solvents and about 34 Newtonian binary liquid mixtures over different temperature ranges at atmospheric pressure reported in the literature [11, , we have determined values of the two viscosity Arrhenius parameters such as the activity energy ( ) and the entropic factor (ln( )) for 75 sets of the pure liquid components constituting the precedent binary mixtures at infinite dilution (i.e., at molar fraction equal to 0 or 1). Practically all of them obey the linear Arrhenius behavior.
In the present work, we have used statistical methods to analyze eventual correlation between the Arrhenius parameters for the same pure liquids. We found that there is significant statistical nonparametric correlation between the activity energy ( ) and the entropic factor (ln( )), as well as the derived parameter called Arrhenius temperature ( ). Results showed that the model which best fits the relationship between the defined Arrhenius parameters is a logarithmic type correlating the activation energy ( ) to the Arrhenius temperature (K). Hence, for programming and calculating facilities in hydraulic calculations of fluid transportations and for energy transfer calculations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , we have reduced the model using single variable without losing significant accuracy.
So, in the present work, we proposed an equation for modeling the relationship ((14) or (15) ) between the two parameters of viscosity Arrhenius-type equation, such as the Arrhenius energy ( ) or the preexponential factor (ln( )). Moreover, the proposed equation allows redefining the Arrhenius equation by using a single parameter ((16) or (17)) instead of two ones (3) by using experimental viscosity values at several temperatures for 75 pure liquids taken from the literature [11, . We concluded that this model would be very useful in several domains of the physical and chemical sciences. In addition, it will be very interesting for engineering data and it will permit estimating one nonavailable parameter when the second one is available ((14) or (15)) or can be moreover evaluated by some theories suggested in the literature [11, [17] [18] [19] [20] [21] .
We note that the HajKacem-Ouerfelli equation [16] presents a good concordance ( -square 0.9999) only for the low and moderate viscous fluids which have no very high values of activation energy (6 < < 30 kJ⋅mol −1 ) and no very low values of preexperimental factor (−17 < ln( /Pa⋅s) < −10). Through the -square value (0.9606), the proposed equation presents practically a good concordance from the low to the high viscous fluids and presents very feeble discrepancy in the two limits of the studied intervals (5 < < 60 kJ⋅mol −1 ) for the activation energy and (−25 < ln( /Pa⋅s) < −9) for the preexperimental factor. Then, the present work suggests an empirical exponential law-type equation valid on more extended intervals because we have taken into account some mathematical considerations. We add that the statistical results can be improved when all parameters will be considered as freely adjustable ones.
We hope that this study opens a new interesting field of fruitful investigations such as the study of specific groups or families of organic liquids solvents (acids, hydrocarbon, alcohols, ketones, amides, etc.). It could also open the way to estimate more accurate values of the proposed equation's parameters, when the nature of fluids is classified separately (high, moderate, low viscous liquids) or solvent characteristics (protic, polar, nonpolar, etc.). Thereby, each classified investigation can provide specific parameter values ( 0 , 0 , and 0 ) especially the limiting Arrhenius temperature ( 0 ) and it leads to more accurate specific ones with better statistical results, demonstrating how this model deserves validity. In the same way, this correlation may encourage theorists to combine or merge some previously distinct theoretical methods already available. In addition, we hope that it will be useful in large domains of applied physics, chemistry fluid mechanics, and engineering.
We can add that an additional study on the eventual relationship between the viscosity Arrhenius parameters and the properties of numerous different liquid systems can prove how the method predicts the properties of other nonstudied fluid systems. In order to firmly find the utility of the Arrhenius temperature and develop a means for estimating such quantities [12-15, 52, 72-75] , more binary liquid mixtures will be studied against composition in the future to give a more clear discussed protocol. To our knowledge, there is no stronger theoretical and physical basis of this study or any developed predictive methods for our initial assumptions and so we will be able to provide more fairly the validation of our empirical equation after the application of our proposed equations by several experimentalists in the future. We are very much hopeful that these original and interesting experimental findings can be equally well received by the experimentalists and the theorists and lead to developing eventual new theoretical approaches. In a future work, we will try to give an extension and validation of the proposed equation for Newtonian binary liquid mixtures obeying the viscosity Arrhenius-type equation at whole range of composition which will also be important in fluid engineering since it allows us to simplify the estimation of viscous behavior of liquid mixtures by reducing the number of viscosity-temperature equation parameters. Also, we will address the mutual causal correlation between the viscosity Arrhenius parameters and the effect of pressure on the viscosity. In particular, we would be interested to find out how the said correlations can be deduced from the available theories.
